Abstract: Advanced polymeric materials are finding an increasing range of industrial and defence applications. These materials have the potential to improve combat survivability, whilst reducing the cost and weight of armour systems. In this paper the results from a split Hopkinson pressure bar (SHPB) test of a high density polyethylene (HDPE) sample involving multiple stress waves is discussed with aid of a finite element model of the test. It is seen that the phenomenon of impedance mismatch at interfaces plays an important role in the levels of stress and deformation seen in the sample. A multi-layer armour system is then investigated using the finite element model. This case study illustrates the role of impedance mismatch and interface engineering in the design and optimisation of armour solutions. 
Introduction
Body armour plays an important role for military and civilian personnel in life threatening situations. Typical armour consists of a bullet proof system made up of ceramic and/or metal as a bullet or impact proof layer with a liner to reduce blunt-force trauma. Liners are generally polymeric materials and an ideal liner would have the ability to deform elastically under the impact point, dissipating some of the energy, whilst maintaining a degree of rigidity, spreading the remainder of the impact force over a relatively wide area.
In order to understand and model armour solutions it is important to characterise materials at high strain rates and the SHPB test is a common method of doing this. The propagation of stress waves in multi-layered armour systems and the response of materials to multiple stress waves can also potentially be studied using the SHPB test. Stress wave propagation in composite material systems is an important phenomenon which is closely related to the fracture and penetration of armour. Extensive work has been published on experimental studies of stress wave propagation in specific armour applications [1] [2] [3] [4] . The bonding layer between two plates in a multi-layer armour system plays an important role in the multi-hit capability of the armour [5] . This layer controls the transmission and reflection of stress waves generated due to the impact force from front plate to backing plate. The phenomenon of dynamic contact between multi-layer armour plates is complex and a number of parameters need to be considered in the analysis. In this work a finite element model of the SHPB test is developed and validated with experimental test data for a HDPE sample subjected to multiple stress waves induced by the interfaces in the SHPB system. The model is then used to study the stress wave phenomenon for polymeric materials and is applied to the case study of a specific multi-layered armour system.
Stress wave theory
Axial impact on a deformable body results in a disturbance which initially propagates away from the local impact zone at a specific speed. The resultant disturbance is a wave of particle displacement. Stress wave transmission relates to the propagation of a coherent pulse of stress and particle displacement through a medium at finite speed. Simple examples of this are water waves traveling across the sea surface and the transmission of sound through air. The mechanical (density and elastic moduli) properties of the medium in which the waves are travelling determine the speed of stress waves. A change in material seen at the interface between two materials, resulted in the splitting of the wave into reflected and transmitted components, as discussed in the next section.
Reflection and transmission at interface
When the propagating wave crosses an interface between two different materials, part of the wave is reflected and part is transmitted. In the linear wave equation, when the wave crosses the interface the stress in the first material is the sum of the incident and reflected stress. The relative magnitudes of reflected and transmitted components of the wave depend on the density ρ and elastic modulus E of the two materials and the cross-sectional areas. The relative magnitudes are obtained by the ratio of impedance (ρ ) of the materials, where represents the wave speed. Figure 1 shows a wave with stress σ and particle velocity approaching an interface. At the interface the contact force (A σ ) and particle velocity are continuous. L is the length of the bar and is time. The reflection γ and transmission γ coefficients in terms of stress and particle velocity are given by [6] : 
where
1 . This theory can be used in a one dimensional model for multi-layered composite armour.
Spall facture due to reflection of stress waves
At an interface or free surface where acoustic impedance increases in the direction of propagation, compressive incident waves are reflected as tensile waves. This is illustrated in Figure 2 , which shows the schematic of stress wave propagation in a two layer armour system. A tensile fracture or spall will result where the stress equals an ultimate failure stress. Meyers and Murr [7] proposed that in the case of ductile materials, fracture occurs by tearing between voids that have developed from fracture initiation sites. The density of these voids increases with the magnitude of tensile stress, which in turn is affected by the wave reflection effect. 
High strain rate mechanical testing

Experimental details
In ballistic impact situations the projectile impacts at high speed and it is important to understand the material behaviour at high rates of strain. The standard mechanical testing technique for high strain rate situations is the SHPB [8] which has been developed extensively since first being suggested by Hopkinson in 1914, and today it is perhaps the most commonly used apparatus for measuring material properties in the strain-rate region of 10 2 -10 4 s
. During the SHPB experiment, a projectile is forced at speed along the length of a gas gun. Due to the impact of projectile on incident bar, an incident strain pulse, ε I , is created which propagates along the incident bar. At the interface between the sample and the incident bar, some of the incident strain pulse is reflected along the incident bar, ε R , due to the impedance mismatch between the materials, and some is transmitted through specimen into the transmitter bar, ε T . The engineering strain, ε S in the specimen is a function of the reflected pulse:
where 0 is the speed of sound through the SHPB bar material, is time and 0 is the initial length of the sample. The engineering stress in the sample σ S is give as:
where E is the modulus of elasticity of the bars, A is the cross-sectional area of the bars and A S is the crosssectional area of the sample. The traditional SHPB system, with steel bars, is not efficient to use for polymers, as a result of their relatively low characteristic acoustic impedance, Z 0 , which is given by: where ρ the density and is the speed of sound through the medium. This results in little transmission of the stress wave through the sample as most is reflected back into the incident bar. Several techniques has been developed to tackle this problem, including the use of polymeric and tubular bars [9] and the use of a low density material disc between test specimen and bar interface. Previous research work with low density metal alloy bars in the SHPB test demonstrated that a Mg alloy (ZK60) bar gives more accurate results than steel or copper rods for a range of polymeric material test specimens [10] . In this paper SHPB results are limited to HDPE samples; however, similar effects are seen with other polymeric materials. A high speed camera was used to record the sample deformation in the SHPB tests. Figure 4 shows the strain signals recorded by the strain gauges on the incident and transmitter bars. The Figure shows three incident strain pulses, the initial pulse following projectile impact and two further pulses as the stress wave was reflected from the end of incident bar. The magnitude of the incident strain and corresponding reflected strain decreases in successive reflections, however, it can be seen that the transmitted strain pulse increases. It should be noted that the curve data points in Figure 4 have been smoothed to reduce the signal noise from the experimental system. Figure 5 shows the corresponding high speed camera recording. It can be seen that deformation of the HDPE specimen increases in the three successive impacts. The fluid observed in Figure 5 (c) and (d) is the lubricant used to create a low friction interface between the specimen and bar surfaces. There are number of different variables to be considered to understand this phenomenon of multiple wave reflections and its effect on the test specimen. There are at least two, mutually dependent effects, which will contribute to the deformation seen by the sample on multiple impact. Firstly, the magnitude and shape of the stress wave changes and secondly there will be internal visco-plastic heating of the specimen, which will affect the physical and mechanical properties of the sample and cause thermal expansion. The effect of temperature and stress may also induce degradation in the sample, resulting in irreversible changes in the sample properties. Experimental investigation of these effects in high strain rate tests is extremely difficult and, hence, to aid in understanding these events, a 3D finite element modelling approach was used, as discussed in the next section. 
Experimental results
Finite element modeling and simulations
In previous work, finite element modelling was successfully used to understand the effect of different bar materials when using the SHPB method to test polymers [10] . A similar approach will be used in this paper to aid understanding of the multiple reflections of strain waves in the pressure bars and their effect on the test specimen. The overall aim of this work is to develop FE models of projectile impact on multilayer armour systems in order to study the complex stress wave propagation in such systems, eventually leading to the development of more effective multi-layer armour systems. To this end, a preliminary examination of a multi-layer armour system is described in Section 5.
Model Parameters
Finite element analysis was performed using the ABAQUS explicit software. The finite element model consisted of an assembly of incident bar, transmitter bar, specimen and projectile as shown in Figure 6 . One quarter of the 3-Dimensional model was modelled to reduce the time of simulation. Table 1 describes the material properties used in the model. The model was meshed using C3D8R elements (8 node linear brick element with reduced integration). An initial velocity of either 15 or 20 m/s was given to the whole striker body. Frictionless contact was assumed between the specimen and the bars as in the experiment lubricant was used to minimise friction. Figure 7 shows the comparisons of experimental and FEA strain wave plots for the SHPB test with a HDPE sample. The incident and reflected strain waves show broad agreement with the results in the experiments, with incident and reflected strain pulses decreasing in amplitude with time and transmitted strain increasing. There are some differences between experimental and predicted strain waves, however, it is interesting that even when the visco-plastic and temperature effects in the HDPE are ignored that the main trends in the experiments are observed, with reasonably good accuracy. This indicates that such a model with simple elastic properties is an efficient method of investigating multiple stress wave phenomena in multi-layer armour systems.
Simulation results
The results from the SHPB tests on HDPE suggest that the multiple stress wave reflection phenomenon may play an important role in the single and multi-hit capability of multi-layered armour system. In this paper a preliminary investigation of this is presented by the application of the validated FE model described above to the case study of a multi-layered armour system.
Case study -finite element modeling of SHPB for multi-layered armour material
A 3-D finite element model of a SHPB test for a multi layered armour material was simulated to investigate the significance of multiple stress wave reflections in such systems. The majority of armour systems have a functional core comprised of a dense ceramic front face glued to a metal backing plate. From a somewhat simplistic point of view, as the ceramic front face is struck by the projectile a compressive shock wave is sent through the front face towards the backing plate. As the latter has a significantly higher density, this shock wave is reflected back within the ceramic front face. The reflected waves result in the back of the ceramic plate being placed in tension and consequently failing, reducing multi hit potential of the plate. Simulation work can be helpful in investigating the effect of the impedance mismatch at interfaces between two different layers of armour materials and find possible solutions to reduce any negative effects. From the literature survey, a case study involving an armour system consisting of a ceramic matrix composite (CMC) and rolled homogenous armour (RHA) steel is considered [11] . In [11] the effect of different interlayer materials (tungsten carbide and epoxy resin adhesive) between the CMC and RHA steel were investigated experimentally using a SHPB test. In this paper an attempt is made to validate the SHPB finite element model for armour material and study the multiple wave reflection phenomenon.
FE modeling approach
The first approach towards the FE modelling was to develop an elastic material model without any bonding interface material between the CMC and RHA steel, as shown in Figure 8 . Different inter-layer materials were then introduced into the model ( Figure 9 ) in order to study their effect on the stresses in the CMC and to compare with the experimental work in [11] .
Finite element model parameters
The finite element model consists of an assembly of incident bar, transmitter bar, specimen and projectile. One quarter of the 3-Dimensional model was modelled to reduce the time of simulation. The specimen in this case has two materials CMC and RHA or three when the interlayer is included. Table 2 details the material properties used for the elastic material model. The model was meshed with C3D8R elements, as before. An initial velocity of 5 m/s was given to the striker body, as used in the experimental work. The contact condition between the test specimen and bar was, again, assumed to be frictionless. Figure 10 shows the strain waves in incident and transmitter bars from the FEA simulation and experimental tests with no interlayer. The plot shows that the incident and transmitted strains waves are in good agreement but the amplitude and shape of the reflected waves differ somewhat and there is poorer agreement towards the end of the test. Both experimental and FE reflected wave curve shows a decrease in amplitude of incident and transmitted waves on multiple reflection, which is a different trend to that seen in the HDPE experiment. The strain wave pattern is also more complex, which can be attributed to the additional effect of the strain wave reflection at the interface between the CMC and RHA steel. Figure 11 shows the effect of epoxy resin as an inter-layer between the CMC and RHA steel. Again there is broad agreement between the experimental and simulated results. Comparison of Figures 10  and 11 shows that there is no significant difference in stress wave propagation with the epoxy resin inter-layer compared to the direct contact condition. This may be because the density, and hence acoustic impedance, between the CMC and epoxy is quite similar. Figure 12 shows the strain waves in the incident and transmitted bars with the tungsten carbide inter-layer between the CMC and RHA steel. It can be seen that the high acoustic impedance value for the tungsten carbide has increased the magnitude of the reflected strain signal, which in a real armour system increases the likelihood of tensile failure in the front ceramic plate and hence a reduced multi-hit capability. This case study illustrates the importance of control of inter-layer materials in multi-layer armour systems and the potential utility of fairly simple finite element models in investigating these effects. In the case of ceramic and metal armour system the inter layer material should aim to minimise the reflected tensile wave in the ceramic layer and improve the compressive wave distribution throughout the armour.
Simulation results
Summary and conclusions
This paper presents results from the high strain rate evaluation of HDPE subjected to multiple stress waves using the SHPB test. The experiment was also modelled using explicit finite element analysis and it was found that even with a simple temperature and rate independent material model of the test material, a good agreement was seen with the experimental results. The results demonstrated the importance of stress wave reflection and transmission at material interfaces in the magnitudes of transient strain seen in materials subjected to dynamic loading. This concept was further investigated by application of the modelling method to a ceramic-steel armour system with various types of interlayer. It can be concluded that interfaces where there is an acoustic impedance mismatch can have a significant effect on the transient stress waves in multi-layer armour and hence should be analysed and engineered for optimum performance. It has also been shown that a relatively simple finite element model can be used as a cost and time effective method of investigating the role of interfaces in armour systems and hence, could be used to explore possible design solutions prior to the development of more complex modelling or experimental testing.
